The effects of changes in the calcium ion concentration in the medium bathing single beating cultured chick embryo ventricular cells were determined using an electro-optical monitoring technique for measuring the amplitude and velocity of cell wall motion. Although single cells showed significant decreases in the amplitude and velocity of cell wall motion during contraction when the calcium ion concentration was lowered from 1.8 mM to 0.9 raM, there were no significant changes in these parameters when the concentration was increased from 1.8 mM to 3.6 mM. Ventricular strips obtained from embryos of the same age showed positive inotropic responses to an increase in the external calcium ion concentration from 1.8 mM to 3.6 mM, and the magnitude of this response increased with increasing embryonic age. These results suggest that there is a reduced positive inotropic responsiveness in young chick embryo ventricular cells, which is particularly marked in the single cultured cell preparation because of the tendency of culturing techniques to select out immature cell populations. • Cultured single cardiac cells offer significant advantages for studying the action of pharmacologic agents. These denervated preparations are stable at physiological temperatures, and electrooptical techniques (1-3) provide a means of monitoring the rate of contraction and the amplitude and velocity of cell wall motion. Thus, the single cultured cell preparation theoretically allows the inotropic and chronotropic effects of drugs to be studied. Using this preparation, we have previously shown that chronotropic effects of parasympathetic and sympathetic drugs can be demonstrated in the cultured chick embryo ventricular cell (1, 4, 5) . In the course of these studies, however, we noted that isoproterenol, while inducing an increase in the rate of contraction of these cells, has relatively little effect on the amplitude or velocity of cell wall motion. This observation suggests that our monitoring techniques do not detect inotropic effects. However, studies by Okarma et al. (6), using similar monitoring techniques, have demonstrated a positive inotropic effect in the single cultured rat
• Cultured single cardiac cells offer significant advantages for studying the action of pharmacologic agents. These denervated preparations are stable at physiological temperatures, and electrooptical techniques (1-3) provide a means of monitoring the rate of contraction and the amplitude and velocity of cell wall motion. Thus, the single cultured cell preparation theoretically allows the inotropic and chronotropic effects of drugs to be studied.
Using this preparation, we have previously shown that chronotropic effects of parasympathetic and sympathetic drugs can be demonstrated in the cultured chick embryo ventricular cell (1, 4, 5) . In the course of these studies, however, we noted that isoproterenol, while inducing an increase in the rate of contraction of these cells, has relatively little effect on the amplitude or velocity of cell wall motion. This observation suggests that our monitoring techniques do not detect inotropic effects. However, studies by Okarma et al. (6) , using similar monitoring techniques, have demonstrated a positive inotropic effect in the single cultured rat heart cell following exposure to digitalis glycosides, and studies by Thompson et al. (7) have shown an inotropic effect of norepinephrine in the single cultured mouse heart cell using similar methods. Thus, it appears that our techniques should be capable of detecting inotropic changes which are reflected in changes in cell wall contraction amplitude and velocity and that, perhaps, the cultured chick ventricular cell is unresponsive to inotropic agents.
The inotropic responsiveness of the chick embryo ventricle of various ages has been studied previously by a number of investigators, whose results have been varied. In general, earlier studies showed a positive inotropic effect in response to an increase in the calcium ion concentration bathing the tissue (8) and an inotropic effect due to exposure to catecholamines (9, 10) . However, recent studies by Shigenobu and Sperelakis (11) suggested that the myocardium from 5-and 4-day-old embryos is insensitive to the inotropic effect of catecholamines, whereas the myocardium from older embryos (8-10 days of age) is responsive.
Preliminary studies done in our laboratory (12) have suggested a significant increase in inotropic responsiveness with an increase in the age of the embryo when isolated muscle strips are studied between the age of 4 and 12 days. The inotropic responsiveness to elevations in external calcium ion 727 728 BARRY. PITZEN. PROTAS. HARRISON concentration and that to exposure to isoproterenol are similar. Therefore, the present study was designed to determine the effect of a simple inotropic agent, calcium ion, on the amplitude and velocity of cell wall contraction of a cultured single cell preparation obtained from a chick embryonic ventricle and to compare the inotropic response to calcium of the single cell with that seen in strips of ventricular myocardium of the same age. The purpose of this study was to determine whether the cultured single embryonic ventricular cell can be used for studying the effects of inotropic agents; we also wanted to know if the cultured cell differs from the intact muscle strip and if relative inotropic unresponsiveness does indeed occur in younger embryonic tissue.
Methods

CULTURED SINGLE CELL PREPARATION
Cell Culturing.-Cell cultures were prepared with some minor modifications (5) according to the DeHann method (13) . Six to eight chick embryos were aseptically removed from 6-day-old specific pathogen-free eggs (LegWhitehorn), the ventricles were dissected out, and ventricular fragments were dispersed in 0.05% trypsin. Washed trypsin-dispersed cells were resuspended in 2 ml of the final maintenance medium, which consisted of 20% M 199 nutrient medium, 6% heat-inactivated fetal calf serum, 1% penicillin-streptomycin antibiotic solution, and 73% potassium-free balanced salt solution. The cell suspension was poured through sterile bolting silk to remove undissociated cell clumps, counted on a hemocytometer, and diluted to give a stock cell suspension of 4 x 10 5 cells/ml maintenance medium. The cells were then seeded into Sykes-Moore chambers, which were assembled immediately prior to use from autoclaved components. An aliquot of 0.25 ml of the stock cell suspension was transferred into each chamber with a 1-ml sterile pipette, the top coverslips were put into place, and the upper ring was secured. Each chamber therefore received 1 x 10 6 cells. The cultures were incubated in a humidified 95% air-5% CO 2 atmosphere at 37°C. Within 48 hours the cells became attached to the glass, and within 48-72 hours the cells were observed and recordings of the spontaneously beating cells were begun. In these cultures, approximately 60% of the attached cultured cells showed spontaneous contractile activity.
Recording Technique.-Experimental observation and recording of the heart cell motion were accomplished using a previously described (1,5) electro-optical system that was developed as a noninvasive method of monitoring cultured heart cell activity. Briefly, the Sykes-Moore chambers containing the heart cells to be monitored were placed in a machined frame designed to prevent spurious movement and suspended over the aperture of the movable stage of an inverted Wild phase-contrast microscope surrounded by a Plexiglas incubator. A humidified 95% air-5% CO 2 atmosphere was maintained at 37°C by a temperature-sensitive probe and a heater apparatus. The image of a single cell was viewed from a side-arm adapter of the microscope by a GBC-ITC transistorized television camera (model CTC 5000) and cabled to a Conrac television monitor. The total magnification of the cell image on the television screen was 1400x. A photovoltaic cell with a rectangular aperture dimension of 10 x 20 mm was positioned on the television screen over one edge of the single beating heart cell wall in such a way that the wall motion resulted in a proportionate voltage output. As the cell contracted and relaxed, the light intensity in the field of the photocell was altered, causing a change in voltage. This signal, corresponding to the amplitude of cell wall motion, and its first derivative, corresponding to cell wall velocity, were recorded using a Krohn-Hite filter (band pass 0-20 Hz) and a Beckman-Offner direct-writing recorder-amplifier system. Such a system is capable of determining the rate of beating and the relative cell wall motion-cell wall amplitude and velocity. Our primary concern was changes in these parameters following interventions; since cell wall motion varied with position and portion of the cell monitored, only relative amplitude and velocity of the cell wall were measured, keeping the position of the photocell and the cell wall constant.
Three 22-gauge needles were inserted obliquely into the culture chambers through three of the ports of the chamber frame. Inserted obliquely through the fourth port was a 20-gauge needle which acted as an air vent. The needles, with the exception of the air vent, were positioned in the chamber in such a way that the bevel of each needle was parallel to and resting on the bottom coverslip. Attached to each of these needles were 50-cm lengths of polyethylene tubing which were in turn connected to syringes fastened to the interior wall of the incubator. The barrels of the syringes extended outside the incubator through small holes which had been drilled into the wall, thereby permitting the manipulation of the syringes from outside the incubator while keeping the media within the syringes at 37°C. Using this system, the medium could be completely removed from the culture chamber with one aspiration of an empty 10-ml syringe and immediately replaced with an equal volume of medium from a 1-ml syringe. Using this method, medium changes were accomplished within 30 seconds without moving the cell in the microscope stage.
Experimental Procedure.-Only one cell per culture chamber was monitored during each study. Prior to beginning a study, the maintenance medium containing 1.8 mM calcium in the culture chamber was withdrawn and replaced with 0.25 ml of fresh warm 1.8 mM calcium maintenance medium. The chamber was allowed to sit on the stage of the microscope for at least 40 minutes, enabling the cells to adjust to the medium change. During this equilibration period, an attempt was made to locate a stable beating cell that was regular in rate and relatively constant in amplitude of contraction. When a cell was chosen, occasional recordings were made until the 40-minute equilibration period was over to establish that the cell was stable. A series of medium changes was then performed according to the following procedure. At the end of the 40-minute stabilization period, the maintenance medium containing 1.8 mM calcium was withdrawn and 0.25 ml of maintenance medium with the same calcium concentration was added. Starting immediately after the medium change, cell wall amplitude and velocity and the rate of beating were monitored for 20 seconds each minute for the next 10 minutes. At 10-minute intervals, the medium was changed to a medium containing a different calcium concentration. Three different calcium concentrations were studied in the following sequence: 1.8 mM, 0.9 mM, 1.8 IDM, 3.6 mM, 1.8 mM. A total of 15 cultured cells from 6-day-old embryos was studied, 7 in the presence of low potassium concentration (1.8 mM, identical to that in the culture solution) and 8 in the presence of a normal potassium concentration (4.0 mM). In addition, 7 cells were studied in cultures obtained from 10-day-old embryos (4.0 mM potassium). The rate of beating for a given minute was calculated by counting the number of contractions that occurred during a 15-second period. To determine the relative amplitude and velocity of contraction, ten primary and differentiated contraction signals were measured and averaged to yield an average relative amplitude and velocity of contraction for that time period. These values were then used in statistical analysis of the data. The amplitude and velocity of contraction of each cell at the end of the 40-minute stabilization period were taken as the 100% values for normalization. Only cells that continued to beat during the entire study period were included in the analysis.
ISOLATED MUSCLE STRIP PREPARATION
Hearts were removed from their embryos and placed in Tyrode's solution bubbled with 95% O 2 -5% CO 2 . The ionic composition of this solution was identical to that of the cultured heart cell normal potassium solution, except for the presence of 6% fetal calf serum in the latter, and contained NaCl 116 mM, NaH 2 PO 4 • H 2 O 0.9 mM, MgSO 4 • 7 H 2 O 0.8 mM, NaHCO 3 26.2 mM, CaCl 2 • 2 H 2 O 1.8 IBM, KC1 4.0 mM, and dextrose 5.5 mM. A thin strip of ventricular muscle 0.4-0.8 mm in diameter and 2-3 mm in length was dissected free, using a Wild dissecting microscope and a sharp scalpel. This muscle strip was mounted in a muscle bath perfusion chamber with 3/0 silk thread loops passed through the ends of small glass capillary tubes. One capillary tube was attached to an Imperial Controls DSC microforce transducer, and the other was attached to a micromanipulator. This latter tube contained a small platinum wire for muscle stimulation. The perfusion chamber was perfused with oxygenated heated solution bubbled with 95% O 2 -5% CO 2 , and the temperature was maintained at 37°C. The perfusion chamber had a volume of 3 ml, which could be emptied by suction and refilled by gravity with fresh perfusion fluid containing various concentrations of calcium ions within 30 seconds. After dissection and mounting, the strips were allowed to equilibrate without stimulation and without resting tension for 40 minutes in the muscle bath. At the end of this 40-minute period, stimulation was begun at 100/min; the strips were stretched to the peak of their isometric length-tension curve, and the length was then reduced back to the point at which they were producing half of the peak maximum contractile force. This length was maintained constant throughout the remainder of the study. Using this technique, stable preparations were obtained from hearts of 4-, 6-, and 8-day-old embryos. The initial perfusion chamber solution change was performed maintaining the calcium concentration at the normal level of 1.8 mM; this step served as a control. Subsequently, every 10 minutes the perfusion chamber was drained and refilled with a medium of a different calcium concentration in the same order as that used in the cultured 6-day-old heart cell Circulation Research, Vol. 36, June 1975 study. Peak forces were measured during contraction at 1-minute intervals. During these studies, the muscle strips were stimulated with a square wave 4 msec in duration and 25% over threshold delivered from a Tektronic pulse generator and a WPI stimulus isolation unit. The electrodes were positioned so that the strips could be stimulated when the muscle bath was completely drained to prevent cessation of stimulation during solution changes. Between emptyings of the perfusion chamber, the chamber was perfused constantly with the appropriate solution at a rate of 5 ml/min. The contractile force was recorded using an a-c-coupled BeckmanOffner recorder-amplifier system that was linear from 0.4 to 20 Hz.
Results
CULTURED SINGLE CELL PREPARATION
Satisfactory recordings were obtained from 15 single ventricular cells cultured from 6-day-old embryos. An example of one such recording is shown in Figure 1 ". On lowering the calcium concentration from 1.8 mM to 0.9 mM, there was a dramatic and rapid decrease in the amplitude and velocity of cell wall motion. However, following an increase in the calcium concentration from 1.8 mM to 3.6 mM, there was relatively little change in these parameters. Similar studies were done in 8 cells in the presence of a normal potassium concentration of 4.0 mM and in 7 cells in the presence of 1.8 mM potassium, which was the standard concentration of potassium in the maintenance culture medium. Results in these two groups did not differ and were combined for presentation. These results are shown for the 15 cells in Figure 2 . It is apparent that for the entire group of cells the relative cell wall amplitude and relative cell wall velocity fell significantly when the calcium concentration was lowered from 1.8 mM to 0.9 mM but did not increase significantly when the calcium concentration was raised from 1.8 mM to 3.6 mM. It is also apparent that changes in amplitude and velocity occurred quite rapidly with changes in calcium concentration.
Changes in the rate of contraction for these various calcium concentrations were also noted. All medium changes, including the control change, induced a transitory 10-20% increase in the rate of contraction which lasted 3-4 minutes. We presume that this transient increase in the rate of contraction resulted from a mechanical effect of the medium change (14) . However, there were no significant differences in the rate of contraction at the end of each 10-minute period following a solution change (~110/min).
In eight cells obtained from cultures of 10-dayold embryo ventricles, the effect of elevating the calcium concentration was also investigated. These 
Records demonstrating the effects of changes in external calcium ion concentration ([Ca ++ ]) on the contractile rate, cell wall amplitude (top trace) and cell wall velocity (bottom trace) of a single cultured cell obtained from a 6-day-old embryo. The cell had equilibrated in fresh medium containing 1.8 m*A calcium for 40 minutes before the first medium change. The times when the bathing medium was removed and replaced are shown by vertical arrows. The external calcium concentrations are shown above the records. Following each medium change, recordings were collected for 10 minutes.
results are shown in Figure 3 . It can be seen that for the hearts from the older embryos there was no significant increase in the relative cell wall motion amplitude during contraction when the calcium concentration bathing the cells was raised from 1.8 mM to 3.6 mM. Figure 4 shows an example of the data obtained with a 6-day-old ventricular strip in the perfused muscle bath. Contractile force did not change significantly when the perfusion chamber was emptied and filled and calcium concentration was kept constant (control). When the calcium concentration bathing the strip was lowered from 1.8 mM to 0.9 mM, there was a decrease in contractile force, which returned to control levels when the calcium concentration was increased to 1.8 mM. When the calcium concentration was increased to 3.6 mM, there was a highly significant increase in contractile force. Figure 5 shows the data obtained from eight 6-day-old embryo ventricular strips. The 60 70 TIME (minutes) decrease in contractile force in the muscle strip preparations on going from 1.8 mM to 0.9 mM calcium was more marked than the change in the single cultured cells from embryo hearts of the same age and had a more gradual course. In addition, when the calcium concentration was increased from 1.8 mM to 3.6 mM, there was a very significant increase in contractile force. It should also be noted that the time constant of the decrease in contractile force following the lowering of the calcium concentration was somewhat greater (2.4 minutes) than the time constant of the increase in contractile force (1.5 minutes) following the increase in calcium concentration bathing the muscle strips.
ISOLATED MUSCLE STRIP PREPARATION
FIGURE 2
Plot of relative cell wall amplitude (top) and relative cell wall velocity (bottom) against time for 15 single cells cultured from 6-day-old chick embryos. The points indicate the means and the brackets the SE. The cells had equilibrated for 40 minutes before the first medium change, which was for control purposes. The calcium concentration (mM) in each medium is indicated above the vertical arrows, which indicate the time of the changes. Comparison by paired t-test of amplitude of contraction at various times yielded the following
Similar data were obtained from hearts of 4-and 8-day-old embryos; the percent increase in contractile force is plotted against embryo age in days in Figure 6 . The percent increase in contractile force following an increase in external calcium concentration from 1.8 mM to 3.6 mM increased significantly with increasing embryonic age. Thus, Circulation Research, Vol. 36. June 1975 the younger embryos had a blunted increase in contractile force on exposure to high calcium concentrations compared with that in older hearts. However, ventricular strips from 6-day-old embryos showed a definite and significant increase in contractile force when they were exposed to high calcium concentrations, whereas cultured cells from embryos of the same age did not.
Discussion
These studies demonstrated that cultured single ventricular cells from 6-and 10-day-old embryonic ventricles are insensitive to the inotropic effects of increasing the external calcium concentration from 1.8 mM to 3.6 mM. However, these cells do reduce their amplitude and velocity of contraction when they are exposed to lower external calcium concentrations. These findings suggest that these cells are operating at their maximum inotropic level in the presence of a calcium ion concentration of 1.8 mM.
It should be noted that in most mammalian serums and in 20-day-old chick embryo serum, the normal ionized calcium concentration is 0.9-1.1 mM. We were not able to obtain enough serum from embryos of the ages studied in these experiments to ascertain this normal ionized calcium concentration; however, we assume it is about 0.9 mM. The presence of 6% fetal calf serum in the solutions used in the cultured cell studies did not significantly alter the total ionized calcium levels, which were essentially equal to total calcium concentrations.
In contrast to single cultured cells, ventricular strips from 6-day-old embryos showed a significant increase in contractile force during exposure to 3.6 
Records showing the effect of changes in external calcium (Ca) ion concentration on contractile force developed by a ventricular strip from a 6-day-old chick embryo. The strip had equilibrated for 40 minutes before the first (control) solution change. The point of each change is indicated by a vertical arrow, the calcium concentration (mM) of the new solution is shown above the arrow. Ten minutes elapsed between each calcium concentration change. The top trace in each record is a time marker (seconds and minutes).
mM calcium solutions. In addition, in ventricular strips there was a significant increase in the response to the positive inotropic effects of calcium with increasing embryonic age. These findings at 37°C confirm our previous observations obtained at lower temperatures (12) and are consistent with the observations made by Shigenobu and Sperelakis (11).
It is not clear at the present time why there is a blunted inotropic response in the cultured cells. An increase in inotropic responsiveness with increasing age of embryonic tissue has been noted in human myocardial tissue as well (15) and may be a common phenomenon during fetal development. The ventricular myocardium in an embryo of a specific age contains cells of various degrees of maturity. Since more immature cells generally grow more readily in tissue culture, the single cultured ventricular cell may be relatively immature and thus have a low inotropic responsiveness. This explanation would account for our observation that the inotropic response to an elevation in the external calcium concentration in 6-day-old embryonic muscle strips was more marked than that in cultured single cell preparations obtained from embryonic ventricles of the same age. The fact that the cultured cells from 10-day-old embryonic ventricles also showed a lack of inotropic responsiveness suggests that, regardless of the age of the ventricle cultured, the resulting single beating cell population is relatively uniformly immature. Thus, although an increase in inotropic responsiveness occurs with increasing embryonic age in muscle strip preparations, the response of the single cultured cell obtained from older tissue remains immature.
Lack of inotropic response to elevations in external calcium ion concentration above 1.8 mM could mean that (1) extra calcium ions are not gaining entrance to the cell in spite of the elevation of the external calcium levels or (2) the myofibrils are not developing more force in spite of the increased calcium influx into cells during depolarization in the presence of higher calcium concentrations. The former situation could occur if a calcium-binding or carrier element in the plasma membrane of these young cells were saturated in the presence of 1.8 mM calcium. Sperelakis and Shigenobu (16) have shown that ventricular cells in young embryos are also insensitive to the effects of tetrodotoxin, which blocks the early sodium current during the action potential, whereas in older embryos tetrodotoxin has its usual effect on the ventricular membrane potential during depolarization. It is interesting that this effect of tetrodotoxin on heart cells from older ventricles disappears if the cells are cultured: the immature type of response to tetrodotoxin is seen in cultured cells from embryos of all ages (17) .
EMBRYO AGE , doys
FIGURE 6
Plot of the percent increase in contractile force/area on elevation of external calcium concentration from 1.8 to 3.6 mM for strips from 4-, 6-, and 8-day-old embryos. By nonpaired t-test, there were significant differences between 4-and 6-day-old embryo strips (P < 0.05) and between 6-and 8-day-old embryo strips This observation is also consistent with the fact that culture techniques may be selecting out a more immature cell group. Thus, it is possible that changes in membrane properties of chick embryonic hearts during development account for the different responses to elevations in external calcium ion concentration noted. However, there is no evidence that inotropic agents do not induce an increase in the slow calcium ion currents in the young embryonic chick ventricle (11).
Another possibility is that, although extra calcium is gaining entrance to the cells during depolarization in the presence of higher external calcium concentrations, the myofibrils are already maximally activated by calcium during depolarization in the presence of normal external calcium concentrations. This situation could occur if the density of myofibrils were low, for the density of myofibrils within a cell is a major determinant of the amount of calcium ion required for full activation (18) . If a constant amount of calcium ions gains entrance to cells in the presence of a given calcium concentration in the external medium, more complete activation of the myofibrils could occur in cells which have fewer myofibrils per cell. Since the density of myofibrils increases during embryonic development (19) , this phenomenon might also explain these observations. The observation by Ozaki (8) that monolayers of cultured chick ventricle cells do show a positive inotropic response to an elevation in the external calcium ion concentration above 1.8 mM suggests that maturation of cells in culture also leads to increased inotropic responsiveness. We cannot measure inotropic responses of monolayers of cells with our technique. In any case, it would appear that the cultured single embryonic chick ventricle cell is not a good preparation to use to study the positive inotropic effects of drugs in the presence of 1.8 mM calcium, a concentration commonly used in tissue culture, since most inotropic drugs are believed to act by increasing the availability of calcium to myofibrils during depolarization.
It is interesting to note that the time course of change in cell wall contractile amplitude and velocity following a reduction of calcium concentration in the cultured cell preparation is much more rapid than the time course of change in contractile force in the intact ventricular strip (Figs. 2 and 5) . This difference occurred in spite of the facts that the muscle strips being studied were extremely small in cross-sectional area and that the cardiac tissue in these embryonic hearts has relatively sparse connective tissue and might be expected to be more readily permeable by external diffusion. These findings suggest that the rate of movement of calcium into muscle and out of cells is diffusion limited in intact ventricular strips. This finding and the observation that the time course of change in contractile force in muscle strips during an increase in external calcium concentration appears to be faster than that during a decrease in external calcium concentration are consistent with the observations of Toll and Jewell (20) .
Langer and Frank (21) have shown that the half-time for calcium washout from the perfused rabbit heart septum is 1.4 minutes, whereas the half-time for washout from a monolayer of cultured rat heart cells is 1.15 minutes. The very rapid changes in cell wall contraction amplitude and velocity on lowering the external calcium concentration noted in our experiments suggest that the single chick heart cell preparation has a calcium washout half-time that is even shorter than that for the monolayer of the cultured rat heart cell preparation in which calcium kinetics can be studied. This difference might be due to the facts that some interstitial space is present in a monolayer and that the chick heart cells lack a T-tubule system.
Further studies are needed to define the anatomical and electrophysiological factors that underlie the relative inotropic unresponsiveness of the immature chick embryo ventricular cell and the development of such responsiveness in older tissues. Such studies may provide increased insight into the mechanism of excitation-contraction coupling in normal mammalian cardiac muscle. In addition, these studies emphasize the point made by Rolett (22) that immaturity of heart cells in tissue culture may be a factor of importance in delineating cell responses to pharmacologic agents.
